Abstract. As the LHC continues to search for new weakly interacting particles, it is important to remember that the search is strongly motivated by the existence of dark matter. In view of a possible positive signal, it is essential to ask whether the newly discovered weakly interacting particle can be be assigned the label "dark matter". Within a given set of simplified models and modest working assumptions, we reinterpret the relic abundance bound as a relic abundance range, and compare the parameter space yielding the correct relic abundance with projections of the Run II exclusion regions. Assuming that dark matter is within the reach of the LHC, we also make the comparison with the potential 5σ discovery regions. Reversing the logic, relic density calculations can be used to optimize dark matter searches by motivating choices of parameters where the LHC can probe most deeply into the dark matter parameter space. In the event that DM is seen outside of the region giving the correct relic abundance, we will learn that either thermal relic DM is ruled out in that model, or the DM-quark coupling is suppressed relative to the DM coupling strength to other SM particles.
Introduction
After the recent discovery of a Standard Model (SM)-like Higgs boson [1, 2] , the focus of Run II at the Large Hadron Collider (LHC), with √ s = (13 − 14) TeV and a luminosity of about 10 34 cm −2 s −1 , is to search for new physics at the TeV scale. In particular, one of the most commonly publicized goals is to find evidence of a new fundamental particle which might compose the so-called Dark Matter (DM), a non-relativistic degree of freedom contributing to about 30% of the energy in our universe.
If DM consists of particles whose mass and interactions with SM particles are dictated by physics in the electroweak energy range, there are two bonuses. First, the DM particles might be produced at the LHC and subsequently escape the detectors. This is the main reason why a great deal of effort by the ATLAS and CMS collaborations is dedicated to searching for events where large missing energy is the dominant discriminating signature of DM [3] [4] [5] . Secondly, the DM abundance in our universe is likely to be fixed by the thermal freeze-out phenomenon: DM particles, initially present in our universe in thermal equilibrium abundance, annihilate with one another till chemical equilibrium is lost due to the expansion of the universe [6] [7] [8] [9] . The present-day relic density of these particles is predictable and, in the simple case of s-wave self-annihilation of DM in the early universe, it comes out to be (in units of the critical energy density of the universe) where σv ann is the total thermally-averaged annihilation cross section, and the factor of 2 in the numerator is made explicit to emphasize the fact that we are assuming a non-self-conjugate DM particle. This abundance must match the one recently measured by the Planck collaboration, Ω obs DM h 2 = 0.1199 ± 0.0027 [10] . Now, a fundamental question which one should ask is the following: under the optimistic hypothesis that the next LHC run gives evidence for a new weakly interacting particle with a lifetime that exceeds about a microsecond, how confident can we be in claiming we have finally revealed the true nature of the DM?
To answer this question, one needs to operate within a given framework and identify the parameter space which is compatible with a positive LHC signal and possibly with the current (and future) bounds (or signals) from direct and indirect searches. Last, but not least, it is imperative to check if the properties of the new particle are compatible with the observed DM abundance.
The goal of this paper is to investigate whether a new stable particle, within a given set of models, may be assigned the label of thermal relic DM by comparing the regions of the parameter space where the right abundance is attained with the exclusion regions for the forthcoming Run II at the LHC. The latter are a useful benchmark for evaluating the sensitivity of the analysis at 14 TeV. However, if DM is within the reach of the LHC, it is also useful to make the comparison with the 5σ discovery potential regions. Of course, one can also reverse the logic of this exercise and identify the regions of the parameter space of a given model where the DM abundance fits the observed one. This might be useful to set priorities for the LHC collaborations when comparing the future data with the plethora of models. This is not to say that this analysis can exclude the possibility that a new stable particle can be DM. Rather, if the new particle is inconsistent with thermal-relic DM under our assumptions and in a particular model, then we learn that either: 1) the model is not the correct model of DM, or 2) one of the assumptions enumerated in Section 2 do not hold. This paper is structured as follows. In Section 2 we provide some general considerations and state our assumptions, along with a description of the model we consider. In Section 3 we compare ATLAS 14TeV sensitivity with the region of parameter space consistent with thermal relic DM. In Section 4 we extend this analysis to simplified models. Finally, we collect our concluding remarks in Section 5.
Working assumptions
The goal of this Section is to provide some general considerations about the DM abundance and its link with collider searches and, above all, to list as clearly as possible the set of assumptions we are working with.
DM Abundance Considerations
Consider the general scenario where a DM candidate χ will eventually be efficiently pair-produced at the LHC. This implies that χ must interact with first-generation quarks, therefore one can define the thermally averaged DM annihilation cross section 1 σv * ≡ σv χχ→uū + σv χχ→dd , (2.1) which also sets a reference for DM production at the LHC. In the early universe, besides annihilations into quarks, there can be additional annihilation channels, so that the total DM annihilation cross section which is relevant for the relic abundance is
So, by requiring that the particles χ andχ compose the DM abundance, we find
On the other hand, one can make the reasonable assumption that the dominant DM annihilation channel is to SM fermions and the coupling to the first generation of quarks is not less than the coupling to other SM fermions. This hypothesis follows from the requirement that the would-be DM particles are efficiently produced in the next Run II. We are the first to admit that this assumption is debatable, but we consider it as a working hypothesis. We will show later how weakening this assumption affects our results. In this case, we get This value of the UV scale needs to be compatible with the one needed to explain the positive DM signature at the LHC. For instance, if Λ turns out to be larger than the value of the lower bound, one concludes that the would-be DM particle has to annihilate in other channels which we do not have control of and therefore it would be difficult, if not impossible, to assign it the label "dark matter". In general, relic density constraints on thermal DM are usually considered not to be robust: for a given set of parameters, the relic density can be smaller if the cross section is enhanced by inclusion of other annihilation channels, such as annihilation to leptons; conversely, the true relic density can be larger if there is a larger dark sector including other types of DM. However, under a modest set of assumptions, these constraints can become substantially more powerful. Throughout this analysis, we will assume:
1. the DM candidate χ makes up 100% of the DM of the universe; 2. the DM is thermally produced in the early universe; 3. the dominant annihilation channel is to SM fermions, via one dark mediator; 4. the DM couples to u, d quarks, so that it can be produced at the LHC; 5. the coupling to the first generation of quarks is no less than the coupling to other SM fermions.
In this situation, the relic density constraint gives a range within which the dark sector parameters should lie. It is clear that assumption 5 is by no means a certainty, and so we will show how our results are sensitive to relaxing this assumption. In the event of a signal, this assumption can instead be used to learn about the flavour structure of a thermal relic model that attempts to explain the signal. If the signal falls into the region where DM would be overproduced, then there must be enhanced couplings to other SM particles relative to u, d quarks in order to avoid overproduction, or alternatively, the DM is produced by some mechanism other than thermal production.
To summarize, under our generic assumptions 1-5 the DM production cross section must satisfy the bounds
where the value of the annihilation cross section is dictated by ensuring the correct relic abundance. These tidy inequalities break down when we include the effect of the top quark mass, mediator widths, and a more accurate expression for the relic density later in the text, although the principle behind them remains the same. The two limits on the cross section describe two contours in the parameter space: if σv * is too large, then DM will be underproduced, we call this the underproduction line; if σv * is too small, then DM will be overproduced; this is called the overproduction line. This information is summarised in the table below, where g (DM,f ) generically indicate the mediator couplings to DM and SM fermions, respectively.
Overproduction line
σv ann 4 σv * EFT: Max Λ, min m DM . Simp. model: Max M , min g (DM,f ) and m DM . Underproduction line σv ann = σv * EFT: Min Λ, max m DM Simp. model: Min M , max g (DM,f ) and m DM .
Models and cross sections
To illustrate our point, we focus on a class of simplified models where the DM is a Dirac particle annihilating to SM fermions in the s-channel via a Z -type mediator. This popular scenario has seen much attention, including searches by CDF [11] , ATLAS [12] and CMS [13] .
Working with simplified models is more timely than ever. For some years, the use of effective operators has been popular as a way to place general constraints on the dark sector [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, there has always been concern that this approximation breaks down at some mediator mass scale [24, 25, [27] [28] [29] [30] [31] and it is now clear that the effective operator assumption is not a good approximation at LHC energies unless the DM-SM coupling is very large [32] [33] [34] [35] . On the other end of the spectrum, studies of specific well-motivated models such as supersymmetry [36] or extra dimensions [37] continue to play an important role, but the broad parameter space and specific assumptions required in these models make it difficult to draw general conclusions about the dark sector. Hence, simplified models have become the best way to constrain the DM parameter space [5, [38] [39] [40] . However, this parameter space is still broad, and it is usually unfeasible to constrain the entire space in just one analysis. This necessitates a specific choice for one or more parameters -for example the coupling-strength and mediator-mass may be constrained for a specific choice of the DM mass. Clearly this is sub-optimal, since we do not want our constraints to be valid only for one arbitrary choice of an unknown parameter. It is important to remember that the search for new neutral particles with electroweak couplings is motivated by the existence of dark matter, and so the requirement that these particles are a viable thermal relic DM candidate can be a powerful motivator for these arbitrary choices.
We consider the general interaction term in the Lagrangian for a vector mediator Z ,
where f is a generic SM fermion, the kinetic and gauge terms have been omitted, and the sum is over the quark and lepton flavours of choice (see e.g. Ref. [39] ). The LHC searches are only mildly sensitive to the ratios g V f /g A f and g V DM /g A DM , however the distinction is important for relic density calculations, and so we consider a pure vector coupling (g A f,DM = 0). In the EFT limit, we also consider pure axial (g V f,DM = 0) interactions. In the low-energy limit, the Lagrangian (2.10) leads to the effective operators 
The effective operators O V and O A correspond to the usual D5 and D8 operators respectively, defined in Ref. [18] . The process relevant for relic density calculations is the annihilation of DM particles of mass m DM into SM fermions of mass m f χχ → ff . (2.13)
In the effective operator limit, the relative cross sections per SM fermion flavour, expanded up to order v 2 , are
where the colour factor N C is equal to 3 for quarks and 1 for colourless fermions. The full expressions relative to the process (2.13) with Z exchange, and the corresponding mediator widths, are reported in Appendix A.
3 Results: Effective operator limit
In the extreme EFT limit, for massless SM annihilation products, the annihilation cross section for a dimension-6 operator goes like
where M is the mediator mass, and g f is its coupling with fermion species f . Thus, in general, the underproduction contour is a contour of maximum g DM , g q , and m DM , and of minimum M , and vice-versa for the overproduction contour.
Here we compare a range of constraints in the effective operator scenario, where the momentum carried by the mediator is assumed to be small relative to its mass and we define 2
The LHC constraints in this scenario are generally valid in the range π √ g DM g q 4π [41] . Since the annihilations relevant to relic density calculations take place when the DM is non-relativistic, the effective operator approximation is valid as long as M 2m DM , or √ g DM g q 2m DM /Λ, while direct detection constraints are valid across the entire parameter space of interest.
Our results in this limit are summarized in Fig. 1 , where we compare the projected exclusion and discovery reach by ATLAS with the under-and over-production lines defined in the previous Section for the vector and axial-vector operator. In the following subsections we describe all the elements appearing in Fig. 1 .
ATLAS reach
We use simulations of the exclusion and discovery reach of ATLAS at 14 TeV from Ref. [41] . This reference estimates the sensitivity of ATLAS to DM in the missing energy + jets channel. This is a powerful general-purpose channel which has led to strong constraints on DM by both ATLAS and CMS at 7 and 8 TeV [42, 43] . Searches for other final states such as mono-W/Z [44] [45] [46] [47] , mono-photon [48, 49] , mono-higgs [50, 51] and mono-top [52] can play a complementary role, especially when combined into mono-all searches. However, the monojet searches still give the strongest constraints [53] , and thus represent a good choice for sensitivity studies.
The limits from Ref. [41] are only given for two DM masses, m DM = {50, 400} GeV, however there is minimal variation in the constraint between the two masses, so we interpolate constraints on Λ between these two points. [41] . EFT approximation is valid for π < √ gDMgq < 4π for ATLAS prospects, and √ gDMgq 2mDM/Λ for the relic density constraints. See text for more details. Direct detection constraints are not shown, but for the vector operator D5 they would rule out the entire visible space (cf. sect. 3.2).
to be the same for the axial-vector operator [42] .
The 1% and 5% labels indicate projected limits assuming a 1% or 5% systematic uncertainty in the SM background, respectively. Achieving 1% systematics may be overly optimistic, and can be considered a "best-case scenario". Other labels indicate the results at a given collision energy and integrated luminosity. The red bands indicate the potential significance of an observed signal, from 3σ to 5σ.
Direct Detection constraints
We use corrected versions of the equations from Ref. [18] to translate limits on the spin-dependent (SD) and spin-independent (SI) cross sections into limits on the effective operator parameter Λ. In this mass range, the strongest limits are currently from LUX [54] (SI cross section) and Xenon100 [55] (SD cross section). For our simplified models, constraints on Λ correspond to a constraint on M/ √ g DM g q .
The vector operator O V is subject to constraints on the spin-independent scattering cross section. These constraints are significantly stronger than prospective LHC bounds on this operator, ruling out the entire region displayed in Fig. 1 (left) . However, the strength of direct detection constraints falls of quickly below m DM 10 GeV, while LHC constraints are expected to be relatively flat below m DM = 50 GeV. If the prospective LHC constraints in Fig. 1 (left) can be extrapolated down, they will become stronger than direct detection constraints at around m DM = 10 GeV. Conversely, the axial-vector operator O A is subject to much weaker constraints on the spin-dependent scattering cross section. In this range they are barely distinguishable from the Λ = 0 line and thus are not shown.
Relic Density Bounds
In Fig. 1 , we show the under-and over-production lines defined in the previous Section, for the vector (O V , D5) and axial-vector (O A , D8) operator, under the assumptions 1-5 of Sect. 2.1. The range between the orange and blue lines shows the region of parameter space in which any observed
Figure 2: Analogues of the orange overproduction line in Fig. 2 (corresponding to g f ≤ g u,d ), changing the relative value of the coupling between u, d quarks and other SM fermions.
χ can also be thermal relic DM. This marks a good starting point for WIMP searches. For example, we can see that pure vector DM will be difficult to observe for larger DM masses, and in any case it is ruled out by direct detection constraints. Conversely, axial-vector DM is unconstrained by direct detection, but it is already heavily constrained by 8 TeV collider bounds, and it is accessible to the 14 TeV searches even for DM masses above 500 GeV. The jump in the orange line is the point where annihilation into top quarks becomes kinematically allowed.
The overproduction lines in Fig. 1 rely on the assumption that the DM coupling to the first generation of quarks is not less than the coupling to other SM fermions (g f ≤ g u,d ), while the underproduction line only depends on the couplings g u,d to the first-generation quarks. Relaxing/strengthening the assumption 5 of Sect. 2.1 means allowing the couplings to other SM fermions to span over a wider/smaller range and correspondingly the upper limit is Eq. (2.7) is changed. The effect on the overproduction lines is shown in Fig. 2 . We see that if the constraint on g f is relaxed, the orange line of Fig. 1 gradually becomes too strong, and correspondingly the region in which to search for DM becomes broader (green curves of Fig. 2 ). In the event that a signal compatible with DM is observed, the region where it falls on the plot can be used to infer something about its nature. To be a credible DM candidate, it must either have a production mechanism aside from the usual thermal production, or its couplings to other SM particles can be inferred from where its parameters fall on this plot.
It is also interesting to note that in the EFT limit there exist simple expressions relating the DM parameters to the correct relic density. In fact, one can trade the annihilation cross section for the relic abundance (see e.g. Eq. (1.1) ). Then, using the Eqs. (2.14) and (2.15) for the annihilation cross section in the EFT limit, we can find a simple expression for a combination of the effective parameters in the low-energy theory
where the sum is over the fermionic annihilation products and the colour factor N C i is 3 for coloured fermions and 1 for colourless fermions, and this equation assumes Λ is the same for all channels. Figure 3 : Over-(orange) and under-(blue) production boundary lines for thermal relic dark matter, for three different choices of the coupling strengths, and a Z -type mediator with pure vector couplings. Black lines are ATLAS projected 95% lower bounds after 25 fb −1 at 14TeV, assuming 5% systematic uncertainties.
Results: Simplified models
We again consider the two scenarios discussed in the previous section: DM coupling to the minimum and maximum number of SM particles. Now we relax the assumptions leading to the effective operator approximation, and consider the simple UV-complete model described by the Lagrangian (2.10). This expands the relevant parameter space from just two parameters, m DM and Λ, to the set of parameters
where f runs over all SM fermions which the mediator can decay into. As already anticipated, we restrict our attention to the case of pure vector couplings, for which ATLAS projected limits exist [41] . Thus we consider g A DM = g A f = 0, and we
The annihilation rates and mediator decay widths have been computed and are shown in Appendix A.
For the overproduction line, any change in parameters which decreases the cross section will lead to overproduction of DM. Similarly, for the underproduction line, any change in parameters which increases the cross section will lead to underproduction of DM.
In order to compare directly with prospective ATLAS constraints, in Figs. 3-4 we show lines for specific choices of m DM =50, 400 GeV. The ATLAS constraints are again from Ref. [41] and refer to a vector mediator model. In order to compare with their prospective constraints, the relic density constraints assume the same (arbitrary) widths as ATLAS.
While the annihilation rate of DM particles only depends on the product g DM · g f , the mediator decay widths depend on each coupling individually. So we are forced to fix the ratio g f /g DM , in addition to keeping the product g DM · g f as a parameter,. For fixed values of the mediator width, a bound on the product √ g DM .g f can be recast into a bound on the ratio g f /g DM . The arbitrary widths used in Figs. 3-4 can be compared to the physical widths to fix the ratio g f /g DM . This is shown in Fig. 5 . In some regions there is no solution, and the width used by ATLAS is in fact not physical. For this reason we recommend to avoid the use of arbitrary mediator widths, and suggest instead that the widths are fixed to their minimal value given by the decay channels to SM particles and to DM particles.
�/� Figure 4 : Over-(orange) and under-(blue) production boundary lines for thermal relic dark matter, compared with projected ATLAS reach (black), for two values of the dark matter mass, and a Z -type mediator with pure vector couplings. Black lines are ATLAS projected 95% upper bounds after 25 fb −1 at 14TeV, assuming 5% systematic uncertainties. Figure 5 : The solution to the ratio g f /gDM corresponding to the bounds on the product g f · gDM combined with fixed mediator widths (as represented in Fig. 4) . At large mediator masses, no solution exists and the widths are unphysical for the coupling strengths in Fig. 4 .
Conclusion
The upcoming LHC searches for new weakly interacting stable particles may indeed provide some positive signal in the near future. Then, how confident can we be in claiming that the new particle actually accounts for the DM of the universe? In this paper we have stressed the importance of using relic density considerations in the searches for DM at the next LHC Run, not only regarded as a mere constraint but also used as a powerful search tool. In fact, in order to reveal the true nature of DM, any future signal of a new weakly interacting particle possibly produced in the collider must be confronted with the requirement the new particle has a relic abundance compatible with observations before assigning it the label of thermal DM.
We have followed both the approach of effective operators (in terms of which most experimental analyses are carried out) and the approach of simplified models, for a reference case of a vector mediator. We have found that, in both situations, the forthcoming Run II of LHC has the potential to explore a large portion of the parameter space of thermal-relic DM, either in terms of claiming discovery or in terms ruling out models.
The results of this paper are twofold. One the one hand, they can be used by LHC collaborations as a guidance into the parameter space of DM models; in fact, simple relic density considerations help to set priorities and parameter choices when analysing future data in terms of DM.
On the other hand, our results provide clear messages in case of observation of a new stable particle: if the new particle is not compatible with our thermal relic curves, either it is not the DM or one of our working assumptions is not valid. In any case, very interesting lessons about the nature of DM will be learned from LHC data.
A Cross Sections and Widths
In this Appendix we collect the results of cross sections calculations for the process of DM annihilation into SM fermions χχ → ff (A.1)
We performed the calculation at zero temperature in the lab frame where χ is at rest, and the center of mass energy s = 2m 2 DM 1 √ 1−v 2 + 1 . This is equivalent to performing the calculation in the Moeller frame, and is the correct frame for the relic density calculations [8] . 
A.1 Full expressions
(σv) V = N C (g V f ) 2 (g V DM ) 2 2π 1 − m 2 f /m 2 DM (M 2 − 4m 2 DM ) 2 + Γ 2 M 2 (m 2 f + 2m 2 DM ) + v 2 11m 4 f + 2m 2 f m 2 DM − 4m 4 DM 24m 2 DM (1 − m 2 f m 2 DM ) + 2 m 2 DM (m 2 f + 2m 2 DM )(M 2 − 4m 2 DM ) (M 2 − 4m 2 DM ) 2 + Γ 2 M 2 , (A.2) (σv) A = N C (g A f ) 2 (g A DM ) 2 2π 1 − m 2 f /m 2 DM (M 2 − 4m 2 DM ) 2 + Γ 2 M 2 m 2 f +v 2 23m 4 f − 28m 2 f m 2 DM + 8m 4 DM 24m 2 DM (1 − m 2 f m 2 DM ) + 2 m 2 f m 2 DM (M 2 − 4m 2 DM ) (M 2 − 4m 2 DM ) 2 + Γ 2 M 2 . (A.3) A.2 Limit m f → 0 (σv) V = N C (g V f ) 2 (g V DM ) 2 π m 2 DM (M 2 − 4m 2 DM ) 2 + Γ 2 M 2 1 + v 2 − 1 12 + 2m 2 DM (M 2 − 4m 2 DM ) (M 2 − 4m 2 DM ) 2 + Γ 2 M 2 , (A.4) (σv) A = N C (g A f ) 2 (g A DM ) 2 6π
A.4 Widths
The widths for the vector mediator decay to a pair of fermions are given by
. (A.9)
B Relic density general formalism
Our technique to compute the abundance and notation follow Refs. [8] and [9] . First we find the freezeout temperature by solving where x = m DM /T and subscript F denotes the value at freezeout, g DoF = 2 is the number of degrees of freedom of the DM particle, c is a matching constant usually taken to be 1/2, g is the number of relativistic degrees of freedom, M Pl = 1/ √ G N is the Planck mass. Usually, it is safe to expand in powers of the velocity and use the approximation
However, when the mediator width is small, this approximation can down near the s-channel resonance in the annihilation rate at M 2m DM [8, 56, 57] where g 1/2 is a typical value of g 1/2 (T ) in the range T 0 ≤ T ≤ T F . We have tested the validity of this approximation and find that there is a negligible difference to the full relativistic calculation, since the widths we consider are relatively large. If the physical widths are used, then care should be taken that this approximation still holds when the width becomes small, especially when the annihilation rate has a larger p-wave component.
